Novel dual valence Eu-doped phospho-alumino-silicate glass-ceramics containing orthorhombic Ba 3 AlO 3 PO 4 nanocrystals were first fabricated by a traditional melt-quenching method and subsequent heat-treatment in an air atmosphere. Their structural and luminescent properties were systemically investigated by XRD, TEM analysis, and spectroscopic and fluorescence lifetime measurements. 
Introduction
White light-emitting diodes (W-LEDs), the next generation of solid-state light source, have attracted more attention recently due to not only their long lifetime, environment benets and energy saving but also their wide applications for lighting and displays, such as general illumination, device indicators, backlights, and automobile headlights. [1] [2] [3] [4] [5] However, the efficiency of W-LEDs fabricated by ultraviolet (UV) LED chips coupled with tricolor phosphors is limited because of the strong re-absorption of blue light by green and red phosphors. [6] [7] [8] [9] [10] Compared to the conventional phosphors used for W-LEDs, white emitting rare earth ion (REI)-doped glass-ceramics not only present excellent luminescent properties and better mechanical properties but also show an epoxy-resin free assembly process [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] with a lower production cost and simpler manufacturing procedures. Therefore, it is of urgency to design novel single-phased multi-activator co-doped systems capable of emitting white light under UV chip excitation, which is based on the luminescence and (or) energy transfer between multi-activators.
20-25
Among the luminescent activators, dual valence europium ions have been widely used in luminescent materials. It is wellknown that the emission of Eu 3+ ion consists of sharp lines in the orange-red spectra region, while that of Eu 2+ ion is typically broad in the blue-green spectral region. [26] [27] [28] [29] [30] [31] [32] Consequently, a perfect white light emission may be achieved in appropriate glass-ceramics by combining the sharp emission of Eu 3+ and the broad emission of Eu 2+ .
33,34
For the glassy host, silicate glasses have attracted considerable interest due to their low-cost, large tensile strength, high chemical durability, and excellent thermal stability. In addition, with the introduction of Al 2 O 3 , the solubility of REI will be increased and the concentration quenching of luminescence will be limited. Besides, P 2 O 5 , a kind of glass network modier, may be conducive to lower viscosity and improve the crystallization process of glass-ceramics. 35 Therefore, highly transparent phospho-alumino-silicate glasses and glass-ceramics are considered as suitable hosts to obtain practically visible luminescence.
Herein, dual valence Eu-doped Ba 3 AlO 3 PO 4 based phosphoalumino-silicate glass-ceramics were rst fabricated by a traditional melt-quenching method in an air atmosphere. Their structure and luminescent properties were systematically investigated. Perfect white light emission and large active energy were achieved under the excitation of UV light, which makes these glass and glass-ceramics good candidates for W-LED phosphors even at high temperatures.
Experimental
The glass samples with nominal composition 35SiO 2 -17Al 2 O 3 -20BaCO 3 -20BaF 2 -8P 2 O 5 -0.5EuF 3 (in mol%) were prepared by the melt-quenching method. SiO 2 , Al 2 O 3 , P 2 O 5 , BaCO 3 , BaF 2 (A.R., all from Sinopharm Chemical Reagent Co., Ltd., China), and high purity EuF 3 (99.99%, from AnSheng Inorganic Materials Co., Ltd., China) were used as starting materials. The well-ground stoichiometric chemicals were put into a covered alumina crucible and melted at 1500 C for 1 h in an air atmosphere. The melt was poured onto a 300 C preheated stainless-steel plate and then pressed by another plate to form the precursor glasses (labeled as PG), followed by annealing at 450 C for 5 h to release the internal stresses. Subsequently, the PG samples were heattreated for 2 h at 670 and 680 C to form the transparent glassceramics, which were labeled as GC670 and GC680, respectively. All samples were cut and polished optically with a thickness of 2 mm for further characterization and measurements. The differential scanning calorimeter (DSC) curve of the PG (powder, 10.0 mg) was collected on a STA449C Jupiter (Netzsch, Germany) apparatus at a heating rate of 10 C min À1 in the range of 40-950 C in an air atmosphere. X-ray diffraction (XRD)
patterns were recorded on a Philips X'Pert PRO SUPER X-ray diffraction apparatus with a Cu Ka radiation. Transmittance spectra were measured on a U-3900 Ultraviolet-Visible (UV-VIS) spectrophotometer (Hitachi). The microstructure of the glassceramics was analyzed by a JEM-2010 transmission electron microscope (TEM) (JOEL Ltd., Tokyo, Japan). The excitation, emission spectra, and decay curves were recorded on an Edinburgh FLS920 spectrouorometer equipped with a continuous wave 450 W Xe lamp, a microsecond ashlamp (mF900), and a nanosecond ashlamp (nF900) as excitation sources. Thermal degradation experiments were also recorded on an Edinburgh FLS920 spectrouorometer by utilizing a homemade hightemperature unit. All above measurements were carried out at room temperature, except thermal degradation experiments.
Results and discussion
In order to determine the crystallization temperature of this Eudoped phospho-alumino-silicate glass, the DSC curve of the PG sample was collected at a heating rate of 10 C min À1 in the air atmosphere, as exhibited in Fig. 1(a) . An obvious crystallization peak at 755 C (T p ) with a FWHM (full width at half maximum) of 52.6 C is observed. The glass transition temperature (T g ) and the onset of crystallization temperature (T c ) are about 630 and 725 C, respectively. Because of a large difference of 95 C between T g and T c , 670 to 680 C (40-50 C beyond T g ) can be used as the crystallization temperature to obtain the glassceramics. In this work, 670 and 680 C were chosen as the heat treatment temperatures for crystallization. Fig. 1(b) shows the XRD patterns of PG, GC670, and GC680. PG does not exhibit any discrete diffraction peaks, conrming its amorphous nature. Moreover, as shown in the photographic images of the samples (inset in Fig. 1(a) ), PG exhibits good transparency. The diffraction peaks of GC670 and GC680 match well with that of orthorhombic Ba 3 AlO 3 PO 4 (JCPDS card no. 45-0059), indicating that the Ba 3 AlO 3 PO 4 based glass-ceramics were elaborated. The size of Ba 3 AlO 3 PO 4 nanocrystals can be estimated by the following Scherrer's equation:
where k ¼ 0.89, l ¼ 0.154056 nm represents the wavelength of the Cu Ka radiation, q is the Bragg angle, and b represents the corrected half-width of diffraction peak. Here, we used the strongest diffraction peak with 2q ¼ 29.3 , which corresponds to the (222) crystal plane, for calculation. The mean crystalline sizes of Ba 3 AlO 3 PO 4 nanocrystals in GC670 and GC680 are estimated to be about 19 and 21 nm, respectively. Their crystal volume fractions were found to be about 8.5% and 11.1% for GC670 and GC680, respectively, by calculating the ratio of integrating area of the peaks to total integrated area of the XRD patterns. As another sign of the crystallinity, the densities of the samples measured by Archimedes' principle are about 3.70, 3.72, and 3.83 g cm À3 for PG, GC670, and GC680, respectively.
The UV-VIS transmittance spectra of PG, GC670, and GC680 in the range of 200-850 nm are shown in Fig. 1(c) 34 respectively. The cut-off wavelength of GC gets a red-shi compared to that of PG, which may be attributed to the optical scattering of Ba 3 AlO 3 PO 4 nanocrystals. Similar to PG, the GC samples maintain a perfect transparency (up to 70%) owing to the smaller size of the precipitated Ba 3 AlO 3 PO 4 nanocrystals compared to the wavelength of visible-near infrared (VIS-NIR) light. 34 The transmittance decreases gradually with elevating heat-treatment temperature because of the larger size of nanocrystals and crystallinity aer further crystallization, which is reected in the photographs of the glass samples shown in Fig. 1(a) .
The microstructure of the GC680 sample is characterized by TEM and high-resolution TEM (HRTEM) images, as displayed in Fig. 1(d) and (f), respectively. The TEM bright-eld micrograph and selected area electron diffraction (SAED) patterns reveal that Ba 3 AlO 3 PO 4 nanocrystals with a polycrystalline diffraction feature are homogeneously dispersed in the amorphous glassy phase. The particle size distribution of Ba 3 AlO 3 PO 4 nanocrystals in the GC680 sample is shown in Fig. 1(e [13] [14] [15] In this work, the integrated intensity ratios R calculated are 3.3, 2.5, and 2.4 for PG, GC670, and GC680, respectively. Hence, the decrease of the R value aer heat-treatment is another evidence for the incorporation of Eu 3+ into the symmetric environment of Ba 3 AlO 3 PO 4 nanocrystals.
The uorescence decay curves of Eu 3+ emission can further evaluate the surroundings that Eu 3+ is located in. Fig. 3(a) 39 reected by the narrowed full width of half maximum (FWHM) of 63 nm in GC670 (or GC680) compared to 77 nm in PG. Fig. 2(f) presents the glass photographs under 325 nm radiation. Intriguingly, the emitting light colors of the glass samples vary from greenishwhite in PG to bluish-white and then to perfect white in GC670 and GC680, respectively.
The uorescence decay curves of Eu 2+ (l ex ¼ 325 nm and l em ¼ 450 nm), as shown in Fig. 3(b to
ions within the precipitated Ba 3 AlO 3 PO 4 nanocrystals in the glass-ceramics. Due to the great difference in the excitation spectrum characteristics of Eu 2+ and Eu 3+ , a tunable visible emission ranging from blue to red can be achieved by simply altering the excitation wavelength. Fig. 4(a) presents the Commission International de I'Eclairage (CIE) chromaticity coordinates of the PG and GC680 samples excited by 320-375 nm. Both PG and GC680 samples exhibit a tunable luminescent color, covering greenwhite, blue-white light to warm-white and then red light. It needs to be mentioned that good white light emissions can be achieved in the PG, GC670, and GC680 samples excited by 325 nm UV light, which was exhibited in Fig. 2(f) . And the related CIE chromaticity coordinates of the PG and GC samples are shown in Fig. 4(b) . Obviously, the CIE chromaticity coordinates of all samples are in the white region and close to the standard equal energy white light illuminate (X ¼ 0.333, Y ¼ 0.333). The emitting light color of the glass sample can be tuned from green-white light in PG to red-white light in the GC samples aer crystallization, which suggests that the mixedvalence Eu-doped Ba 3 AlO 3 PO 4 glass-ceramics can act as whiteemitting phosphors for UV LED chips.
In practical applications, the thermal quenching property is an important technological parameter for a luminescent glass in the solid-state lighting eld because it greatly affects the color rendering index and the light output of LEDs, 41-43 which will nally determine whether glass phosphors can sustain a long-term emission efficiency at temperatures over 423 K in LED. Therefore, it is necessary to evaluate the thermal quenching property of the glass particularly at temperatures higher than room temperatures. In order to ensure the results as accurate as possible, 330 nm was chosen as the most effective excitation wavelength for these dual valence europium doped glass and glass-ceramics. Fig. 5(a) and (b) show the emission spectra of the PG and GC680 sample excited by 330 nm at different temperatures, respectively. The insets in the gures are the partially enlarged view of Eu 2+ emission. Clearly, both emission intensities of Eu 2+ and Eu 3+ decrease with increasing temperature. The intensities of Eu 2+ and Eu 3+ in GC680 at 423 K remain about 79% and 55% of the initial intensity at 303 K, respectively. Generally, the thermal quenching with increasing temperature is caused by the enhancement of thermally active multiphonon nonradiative rate from the luminescent state to a lower state. The thermally activated nonradiative transition rate k nr is given by:
where s is the frequency factor, DE a is the activation energy, k B is the Boltzmann constant (8.629 Â 10 À5 eV K À1 ), and T is the temperature in Kelvin. A higher activation energy leads to a lower nonradiative rate. The value of the activation energy DE a can be evaluated from the temperature-dependent luminescence spectra by the modied Arrhenius equation:
43,46
where I 0 is the initial emission intensity (at 303 K), I T is the integral emission intensity at different temperatures T, and C is a constant. The temperature-dependent emission intensities of Eu 2+ , Eu 3+ , and the overall emission in PG and GC680 are tted into the above equation, which is shown in Fig. 5 (c) and (d), respectively. The plot of ln(I 0 /I T À 1) vs. 38 as well as their same valence state. As for the whole emission spectra in PG and GC680, their activation energies are also obtained from the tting slopes of 0.225 and 0.229 eV, respectively.
The slightly larger value of DE a in GC680 implies better antithermal degradation property of GC680 than that of PG. This result indicates that our glass-ceramics have a better thermal stability than PG, which makes the glass-ceramics promising as phosphors for W-LEDs in practice.
Conclusions
Highly transparent dual valence Eu-doped orthorhombic Ba 3 
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